A thin-layer film comprising poly(methyl methacrylate) with an incorporated pyrazolo [3,4-b]quinoline derivative was prepared. The dye was anchored onto the polymer film to form a molecular assembly at the surface. Fluorescence quenching of this thin-layer sensory system was observed when the film was incubated in the presence of the nucleotide guanosine-3′,5′-cyclic monophosphate. Steady-state and time-resolved fluorescence techniques were used to study the fluorescence quenching of this sensory system in the presence of nucleotides. The results suggest that quenching of a pyrazoloquinoline fluorosensor by nucleotide anions cannot be described simply by a collision mechanism employing the Stern-Volmer equation, but there is a possibility of the formation of a more stable association. This type of sensing polymer layer plays a role in biotechnology because it can be immobilized at the end of a fibre optic and used for measuring nucleotide concentrations within a biological system.
INTRODUCTION
Optical sensors (Ligler and Taitt 2002) can be used for remote analytical applications including clinical, environmental and industrial processes monitoring. Fluorescent molecular and polymer sensors are universal analytical tools in life sciences and biotechnology because they offer extraordinary sensitivity and non-invasive measurements.
The sensing element which generates the light signal is the most important part of the optical sensor. When the sensing element interacts with the analyte, it undergoes physicochemical transformations that change its optical properties. This transduction mechanism generates a light signal that can be correlated to the analyte concentration.
The aim of the present studies was to create a functional thin-layer polymer film with incorporated fluorescent molecules capable of functioning as a fluorescent polymer sensor. This polymer sensor could then be simply coupled to the end of an optical fibre. A new derivative of quinoline, viz. pyrazolo [3,4-b] quinoline, was used as both the recognition element and the transducing element, forming an optical sensing system. The whole of the thin-layer sensor was assembled on a quartz plate. Fluorescent molecules were anchored at the surface of a poly(methyl methacrylate) film to form a molecular assembly on the polymer surface. Scheme 1 depicts the pyrazolo [3,4-b] quinoline vinyl derivative, viz. 1,3-diphenyl-6-vinyl-1H-pyrazolo[3,4-b] quinoline (1) while 2 shows the derivative anchored at the surface of the thin-layer polymer film.
Nucleotides are major anions in biological systems that play a vital role in living cells. Nucleotide anions are the messengers in living cells, mediating the actions of many hormones and information transduction (Ligler and Taitt 2002) . Methods aimed at measuring the concentration of nucleotides during biochemical processes are highly desirable. Recently, we found that 1 displays fluorescence quenching in the presence of the nucleotide guanosine-3′,5′-cyclic monophosphate (cGMP) in methanol solution. These results suggested that dye 1, which can be incorporated into a polymer film to form a thin-layer polymer sensor, could provide a very interesting polymeric sensory system for nucleotides.
We report here an analysis of the photophysical properties of 1,3-diphenyl-6-vinyl-1H-pyrazolo[3,4b]-quinoline in methanol solution and compare these results to those obtained when the dye molecules were anchored at the surface of a poly(methyl methacrylate) (PMMA) film to form a thin-layer polymer sensor. Studies of the fluorescence quenching of the polymer sensor in the presence of nucleotides are reported and the mechanism of fluorescence quenching of this sensory system is discussed. 1, quinoline was synthesized as described previously (Tomasik et al. 1983) . Spectrally pure methanol, nucleotides and other chemicals were from Sigma-Aldrich.
EXPERIMENTAL

Materials
Preparation of the polymer sensor
The thin-layer polymer sensor was prepared as shown in Scheme 2. A thin-layer film of poly(methyl methacrylate) of ca. 20 µm thickness was obtained by spin-coating directly onto a quartz plate, which had been subjected to prior cleaning with dichlorate and methanol. After drying, the polymer film surface was functionalized and the dye then incorporated onto the polymer surface. The film surface was irradiated for 15 min with a low-pressure mercury lamp (λ max = 254 nm) and then immediately covered by a 10 −3 M solution of 1,3-diphenyl-6-vinyl-1 H-pyrazolo [3,4-b] quinoline in methanol. After allowing 15 min for the dye to deposit, the film was rinsed with pure methanol for ca.15 min to remove any free chromophore molecules unanchored to the polymer surface. It was then dried and stored in the dark. All processes of polymer film preparation and fluorescent dye deposition were carried out under nitrogen in a special box.
Measurements
The steady-state absorption spectrum was obtained using a Specord M 40 spectrometer while the fluorescence spectrum was acquired via a Fluorolog 3 Joben Yvon-Spex instrument. Timeresolved fluorescence decays were collected using a single-photon counting spectrometer CD900 of Edinburgh Instruments Co. equipped with a hydrogen-filled coaxial flash lamp excitation source. The excitation and emission wavelengths were chosen using monochromators based on a diffraction grating with a 2-nm bandpass. Measurements were carried out with the emission monitored at a 90°angle to the excitation. A standard cubic cuvette was applied for the liquid samples, while a triangular one was employed for the polymer film studies.
The quartz plate carrying the polymer film was situated at the diagonal wall and the cuvette was positioned so that the exciting beam crossed the film. This position was chosen to eliminate the light scattered from the emission beam reaching the detector. The instrumental profile was obtained by replacing the sample with Ludox as the scatterer. Data were collected in 1023 channels to 10 000 counts at the peak with the time calibration being 0.053 ns per channel. The data were analyzed by a least-squares reconvolution procedure (Birch and Imhof 1991) using the software package provided by Edinburgh Instruments. The goodness-of-fit was judged in terms of the χ 2 values and residuals distribution, with values for χ 2 of 1.3 or lower being accepted as indicating the appropriateness of the kinetic model and the resulting parameters.
RESULTS AND DISCUSSION
The photophysical properties of the thin-layer polymer sensory system were characterized and compared with those for 1,3-diphenyl-6-vinyl-1H-pyrazolo[3,4-b]quinoline as the free molecule in methanol solution. Figure 1 shows the excitation and emission spectra of the polymer sensory system while Figure 2 shows the same for the dye in methanol solution. The excitation spectrum depicted in Figure 1 possesses two bands whose maxima are located at ca. 280 nm and ca. 400 nm, respectively. These correspond to the bands present in the spectrum of the free dye molecule in methanol solution shown in Figure 2 . In both cases, the fluorescence emission spectra exhibited one band with a maximum at ca. 470 nm, which could be obtained on exciting at wavelengths of both 290 nm and 390 nm. The characteristic broadening of the emission spectrum from the polymer sensor film could be observed relative to that of the dye in solution. The observed spectral properties correspond to data for other pyrazolo [3,4-b] quinoline derivatives presented earlier in the literature (He et al. 2000; Niziol et al. 2002) . Figure 3 shows an example of time-correlated fluorescence decay and the fitting function for the polymer sensor in a methanol environment. For comparison, Figure 4 shows the timecorrelated fluorescence decay for the free dye molecule in methanol solution. Data relating to the analysis of the fluorescence decays for three independent samples, for the free dye molecule in methanol solution as well as an analysis of the fluorescence decays for the polymer with anchored pyrazolo [3,4-b] quinoline sensor are listed in Table 1 .
At an initial glance, the difference in kinetics may be considered as mainly due to the contribution of the longer-living components to the decay process. A single-exponent function gave a good fit of the decay kinetics obtained for the dye in methanol solution, as shown by the data in Table 1 . In contrast, the fluorescence decay kinetics for the polymer film with incorporated chromophores was fitted by a two-exponent function with the same goodness-of-fit as for the solution measurements (χ 2 values of ca. 1 for both). The short-lived component in the fluorescence decays for the polymer sensing system depicted in Figure 3 was quite negligible in comparison to the kinetic observations from solution measurements depicted in Figure 4 . When the decays were refitted using the Distribution Analysis program, a single domain of lifetime distribution was obtained for all the data obtained for the polymeric sensor decays as well as from measurements of the dye solutions. Data for the fluorescence lifetimes obtained from the distribution analysis are gathered in Table 2 . The fluorescence lifetime parameter for the free molecule in solution matched the long-living component lifetime parameter for the polymeric sensor. It should be noted that all the studies of polymeric films were undertaken in a methanol environment, as was the case for the solution measurements. We conclude that a somewhat non-exponential type of fluorescence decay was observed for the polymeric sensor, probably generated by additional short-distance interactions between the dye and the polymer matrix. There was no difference between the lifetime parameters when the dye was excited with a wavelength of 290 nm or 390 nm and no difference in the parameters was observed when the concentration of dye in solution was reduced to 10 −4 M. The general description of the fitting function was given by I(t) = Σ The emission was collected at 470 nm and the wavelength of the excitation is indicated for each particular measurement. Quenching of the fluorescence from the thin-layer polymer film with incorporated pyrazoloquinoline sensor was observed when the film was incubated in the presence of nucleotides. Figure  5 shows an example of the emission spectra for the polymeric sensor before and after incubation for 30 min with guanosine 3′,5′-cyclic monophosphate (cGMP) in methanol solution. It will be seen from the figure that the magnitude of the maximum fluorescence intensity of the polymer sensor was reduced after incubation. However, no change occurred in the spectral shape and no new longer wavelength bands and no shift of the maximum wavelength of the band -only a decrease of fluorescence intensity -were observed. Measurements of the I 0 /I index characterizing the fluorescence quenching of the polymeric sensor when incubated with cGMP at different concentrations are gathered in Table 3 and shown in Figure 6 . A linear Stern-Volmer-type dependence typical for collisional quenching of fluorescence in solutions was not observed as reported in a previous paper (Cywinski et al. 2003) .
The following equation (Connors 1987 ) was used to calculate the association constants K a (= [PN]/[P][N]) for the association of the nucleotide (N) with the polymer fluorosensor (P) to form an associate (PN):
(1)
The constants k PF and k F relate to the proportionality of the associate cGMP-polymer and the fluorosensor concentrations, respectively. The data from the steady-state measurements recorded in Table 3 were fitted to equation (1) to give a K a value of (3.7 ± 0.3) × 10 8 M. All investigations were undertaken in a methanol environment. When compared with literature data, the high value of the association constant of the nucleotide cGMP with the polymeric sensor is promising for this type of polymeric sensing system. No significant change in the fluorescence lifetime parameters was observed when the polymer film was incubated in the presence of nucleotide. These results suggest a mechanism involving static quenching of the film fluorescence. Typically, static quenching is due to ground-state complex formation, which most frequently results in changes in the absorption spectrum. However, no perturbations were observed in the absorption spectrum, thereby indicating that there were no ground-state complexes. Hence, there was no concentration quenching, no dimerization in the system and no ground-state complex formation.
These results suggest that quenching of the fluorescence from the polymeric sensor in the presence of nucleotide involves a charge-transfer mechanism. A similar effect on fluorescence for other derivatives of quinoline in the presence of chloride ions was recently reported in the literature (Jayaraman and Verkman 2000; Verkman 1990; Lanig et al. 1995; Shizuka et al. 1980) . Complete understanding of the mechanism of fluorescence quenching of pyrazoloquinolinium in the presence of nucleotides is not available at present and will be discussed in a future communication. Understanding the mechanism facilitates structure-based predictions of the nucleotide (cGMP) anion sensitivity of pyrazoloquinoline indicators as a means of improving their design and incorporating them in an assembly of polymer nucleotide indicators.
Our present studies have shown the possibility of creating a fluorescent sensory assembly in a thin film that can be finally used for medical diagnoses when attached to a fibre optic arrangement. This type of fluorescent polymer biosensor combines both the recognition and transducer elements, and has the ability of recognizing biological molecules and providing information on the same non-invasively through the change in the intensity of the fluorescence signal.
